[1] In this study, two sets of six-member ensemble simulations were performed for the boreal summer of 2004 using the Finite Volume General Circulation model to investigate the sensitivity of the North American monsoon (NAM) system to land surface conditions and further to identify the mechanisms by which land surface processes control the NAM precipitation. The control simulation uses a fully interactive land surface model, whereas the sensitivity experiment uses prescribed land surface fields from the Global Land Data Assimilation System. [2] The response of the monsoon precipitation to land surface changes varies over different regions modulated by two different soil moisture-precipitation feedbacks. The vast northern NAM region, including most of Arizona and New Mexico, as well as the northwestern Mexico shows that soil moisture has a positive feedback with precipitation primarily due to local recycling mechanisms. The reduction of soil moisture decreases latent heat flux and increases sensible heat flux and consequently increases the Bowen ratio and surface temperature, leading to a deep (warm and dry) boundary layer, which suppresses convection and hence reduces precipitation. Over the west coast of Mexico near Sinaloa, a negative soil moisture-precipitation relationship is noted to be associated with a large-scale mechanism. The reduced soil moisture changes surface fluxes and hence boundary layer instability and ultimately low-level circulation. As a result, the changes in surface pressure and large scale wind field increase moisture flux convergence and consequently moisture content, leading to increased atmospheric instability and in turn enhancing convection and accordingly precipitation. These results further reinforce the important role of land surface conditions on surface process, boundary structure, atmospheric circulation, and rainfall during the NAM development.
Introduction
[3] The North American monsoon (NAM) is a regional climate phenomenon associated with a dramatic increase in precipitation during the warm season in northwestern Mexico and the southwest United States [Adams & Comrie, 1997; Barlow et al., 1998; Vera et al., 2006] . It typically begins in June and lasts until September and accounts for 60%-80% of annual precipitation in northwestern Mexico and nearly 40% in the southwest United States [Douglas et al., 1993] . Increases in precipitation are closely linked to the displacement of the Pacific and Bermuda high [Carleton, 1986] , formation of an upper-level anticyclone [Bryson & Hare, 1974] and development of thermal low [Tang & Reiter, 1984 ]. Two meridional low-level jets from the Great Plains and the Gulf of California [Mo et al., 2005; Cerezo-Mota et al., 2011] and a zonal one from the Caribbean [Amador, 1998 ] appear responsible for the transport of moisture into the monsoon region. Although the NAM returns each summer with salient features and remarkable regularity, monsoon precipitation shows a large intraseasonal and interannual variability, which can cause severe weather and climate extremes such as high winds, hail, lightning, and flash flooding. A better understanding and accurate prediction of the NAM variability is therefore critical for hazard mitigation, water resources, agriculture, and ecosystem management.
[4] Both observational and numerical studies have demonstrated the significant impact of Pacific sea surface temperature (SST) on the NAM variability through large-scale teleconnections [Higgins et al., 1999; Hu & Feng, 2002] . In general, SST anomalies associated with El Niño/Southern Oscillation (ENSO) and rainfall in the core NAM region tend to be anticorrelated [Higgins et al., 1999; Castro et al., 2001] , as rising air in the former region is associated with sinking air in the latter one. Several authors have found that negative SST anomalies in the northern Pacific are associated with a wetter and earlier monsoon Mo & Paegle, 2000] . Besides SST's remote effects, local impact of SST in the Gulf of California on the strength of the NAM has been known for many years. For instance, Carleton et al. [1990] showed that SST anomalies along the Pacific coast of Baja California are negatively correlated with monsoon rainfall in the southwest United States. Stensrud et al. [1997] and Mitchell et al. [2002] suggested that high SST in the northern Gulf of California is favorable for wet monsoon in the southwest United States.
[5] It is also recognized that land surface conditions strongly influence the surface water and energy budgets which in turn affect the boundary layer stability, moist convection, large-scale circulation, and precipitation [Namias, 1958; Eltahir, 1998; Betts & Viterbo, 2005] . As a result, there has been an increased interest in understanding the influence of land surface characteristics on the onset and intensity of the NAM. Several studies have documented an inverse relationship between spring snowfall and subsequent summer precipitation [Gutzler & Preston, 1997; Lo & Clark, 2002; Zhu et al., 2005] . The spatiotemporal dynamics of vegetation is also found to regulate surface-atmosphere exchange of water and energy through their effects on surface temperature and albedo [Méndez-Barroso & Vivoni, 2010] , and evaporation [Watts et al., 2007; Vivoni et al., 2008; Tang et al., 2012] , ultimately influencing the NAM circulation [Chen et al., 2012] and plant greenness [Castro et al., 2009; Forzieri et al., 2011] . In addition to snow and vegetation, several modeling studies investigated the role of soil moisture in NAM development and precipitation variability [Small, 2001; Xu et al., 2004; Vivoni et al., 2009] . In a sensitivity study, Small [2001] indicated a positive feedback between soil moisture and summer precipitation in the NAM region as positive soil moisture anomalies enhance precipitation by decreasing boundary layer height and increasing moist static energy. Xu et al. [2004] and Vivoni et al. [2009] also reported a positive feedback with increased soil moisture promoting evaporation and subsequent precipitation in the NAM season, which potentially contributes to the local recycling of precipitation [Dominguez et al., 2008] .
[6] Previous modeling studies on the relevance of soil moisture to the NAM were limited to idealized experiment designs, such as soil being prescribed to wet or dry condition [Small, 2001] , or rescaling a model-generated pattern to cover a wide range of wetness conditions [Vivoni et al., 2009] , or precipitation being set to low and high amounts based on climatologies [Xu et al., 2004] . Therefore, the real impact of soil moisture on the NAM variability may not be well understood. The lack of reliable soil moisture measurements over the entire NAM region is a major barrier for designing realistic sensitivity numerical experiments. The development of more sophisticated land surface models that are constrained by available observations from the advanced observing systems provides an increasingly reliable global coverage of land surface products, including one generated by the Global Land Data Assimilation System (GLDAS) . The usefulness of GLDAS has been demonstrated in weather and subseasonal forecasts [Koster et al., 2004; de Goncalves et al., 2006] . It is therefore meaningful to use this state-of-the-art product to delineate the evolution of land surface states over the NAM region.
[7] This study attempts to investigate the effects of land surface conditions on the NAM system by comparing ensemble simulations by the Finite Volume General Circulation Model (FVGCM) in which the land surface conditions are freely evolving in one ensemble, while the other was prescribed with the GLDAS dataset. We wish to clarify the pathways relating land-atmosphere interaction in monsoon development and provide an enhanced understanding of mechanisms underlying the regional and large-scale variation of the monsoon system. The structure of the paper is organized as follows. The FVGCM model, experimental design, and the North American Regional Reanalysis (NARR) dataset are briefly described in section 2. The simulated monsoon climate is evaluated and interpreted in section 3. The land surface impact on surface fluxes, boundary layer, atmospheric circulation, and precipitation are illustrated in section 4. Summary of results and discussions are given in section 5.
Methodology

Model
[8] The atmospheric model used in this study is the Finite Volume General Circulation Model (FVGCM) [Lin, 2004] . The horizontal resolution of the model is 0.25 ∘ latitude Â 0.36 ∘ longitude, corresponding to 721 Â 1000 grid points. The vertical coordinate system is treated using 32 levels with terrain-following Lagrangian control volume formulation. This model's dynamical core consists of a genuinely conservative Flux-Form Semi-Lagrangian (FFSL) transport algorithm [Lin & Rood, 1996 , which maintains conservation of mass, momentum, and total energy. The physical parameterization of FVGCM is mainly based on NCAR Community Climate Model version 3.0 [Kiehl et al., 1998 ]. Detailed descriptions of convection scheme and the longwave and shortwave radiative transfer formulation are well documented in Lin [2004] . The Common Land Model version 2 (CLM) [Dai et al., 2003 ] is utilized to simulate land surface process. Using extensive offline tests, Dai et al. [2003] demonstrated that CLM can realistically simulate the key surface state variables and fluxes. In CLM, soil moisture and soil temperature are predicted on 10 layers, extending to 3.43 m deep with the top-soil layer thickness of 1.7 cm.
Experiment Design
[9] To examine the effects of the land conditions on evolution of the NAM, two sets of ensembles were conducted with the FVGCM from May to September in 2004, which is coincident with 2004 North American Monsoon Experiment (NAME) [Higgins & Gochis, 2007] . Both ensembles had six members, where each member was initialized with each of 6 days starting 15 May 2004 from the National Centers for Environmental Predictions (NCEP) operational analyses. An ensemble size of six is chosen according to Ebert [2001] , which showed the ensemble performance peaked when only five or six members were used. In this study, both ensembles were also forced with the same observed SST [Reynolds et al., 2002] , therefore the impacts of land surface conditions on the monsoon system should be completely isolated. The simulation in May was dropped out to avoid any spurious behavior related to the spin-up of the atmosphere. We thus only consider the results from June to September, which is also the typical life cycle of the NAM. The ensemble means are the equally weighted averages of the six members.
[10] The first ensemble has a free evolving land surface condition using the fully interactive CLM model. This ensemble simulation is referred to as the control run (CTL) hereafter. The second ensemble was also run with CLM except the time varying soil temperature, and soil moisture was prescribed from GLDAS on a daily basis. Moreover, the prescribed GLDAS land states are identical in each of the six ensemble members. This ensemble run will be referred to GLD. The GLDAS uses advanced land surface models and data assimilation techniques, combined with the new generation of ground-and space-based observations to produce reliable land surface estimates from three land surface models, including Mosaic, Noah, and the CLM . We only take soil temperature and soil moisture at 10 soil layers from the GLDAS-CLM for the GLD run, which is also the identical version of CLM used in the FVGCM. Note that a dynamic vegetation model is not included in the CLM, but same seasonal variations of leaf area index and vegetation cover [Oleson et al., 2004] were prescribed in both the CTL and GLD ensembles. The above-mentioned two ensemble simulations allow us to identify the impact of land surface conditions on the monsoon development, specifically including the variations of soil temperature and soil moisture.
North American Regional Reanalysis
[11] North American regional reanalysis is a long-term climate data reanalysis with 3 h temporal, 32 km horizontal, and 45-layer vertical resolutions spanning 1979 to present over the North America [Mesinger et al., 2006] . It provides good estimates of land surface states and fluxes, as well as atmospheric conditions [Nigam & Ruiz-Barradas, 2006; Luo et al., 2007] , and is well suited for evaluating the CTL simulated NAM climatology. North American regional reanalysis is generated by the National Centers for Environmental Prediction (NCEP) Eta model with three-dimensional variational data assimilation system that assimilates numerous in situ and satellite datasets. The successful assimilation of observed precipitation is by far the most important data addition to the NARR over the previous NCEP reanalyses. Over the continental United States, Mexico, and Canada, NARR uses rain gauge precipitation in its data assimilation scheme, while the Climate Prediction Center Merged Analysis of Precipitation (CMAP) [Xie et al., 2003 ] is assimilated over Central America south of Mexico and over oceans south of 42.51 ∘ N. Note that certain variables, such as sensible heat flux [Kumar & Merwade, 2011] , evaporation, and soil moisture , include significant uncertainty related to the background forecast model. For the convenience of comparison, all of the fields in NARR used in the following analysis are interpolated to the FVGCM grid.
Model Evaluation
[12] A realistic model climatology is a crucial prerequisite for investigating the hydroclimate responses to changes in land surface conditions; it is therefore important to examine the performance of the model. Figure 1 shows the spatial distribution of June-July-August (JJA) 2004 averaged precipitation from the ensemble mean of CTL simulation compared with two observation datasets and NARR. The first observed product is from the daily Climate Prediction Center Unified Precipitation Dataset (UPD) gridded at a horizontal resolution of 1
∘ based on the gauge data across the United Stated and Mexico . The Global Precipitation Climatology Project (GPCP) daily precipitation at 1
c resolution is the second observation data, in which measurements from rain gauges are merged with several satellite-based estimates [Huffman et al., 2001] .
[13] In general, the two observation products and NARR reveal a similar band of rainfall extending from the Southern Mexico along the western slope of the Sierra Madre Occidental into Arizona and New Mexico (Figs. 1a-c) . As described in Mesinger et al., [2006] , NARR assimilates analyses of rain gauge precipitation over continental United States and Mexico, which contributes to its resemblance with the other two observation datasets. Differences can be seen over the mountainous northwestern Mexico where accurate precipitation estimates are difficult due to lack of densely distributed rain gauges restricted by complex topography [Nesbitt et al., 2004; Chen et al., 2008] . The distribution of monsoon precipitation is captured reasonably well by the model with substantial rainfall along the Sierra Madre Occidental foothills and mild rainfall in New Mexico and Arizona during the warm season (Figure 1d ). Note that model precipitation over the Sierra Madre Occidental is larger than the observations. This finding is consistent with the study by Gochis et al. [2009] , which showed that current operational precipitation products underestimate precipitation over mountainous northwestern Mexico region in comparison with estimates from the NAME Event-based Raingauge Network (NERN). The orographic precipitation in the model averaged during July and August is comparable with the NERN data. Discrepancies among different observational precipitation reflect the uncertainty of existing precipitation measurements, which is undoubtedly a major obstacle to validate the model performance.
[14] To further assess the model's ability to depict the NAM evolution, we show the zonally averaged pentad precipitation between 112 ∘ and 106 ∘ N on 15 August and spreads northward and continues over the monsoon region for several weeks. From the middle of September, monsoon rainfall retreats southward and eventually decays at the end of September. The model closely simulated a full development of the monsoon, in particular initial onset over the southern Mexico, northward advancement of heavy rainfall and southward retreat and decay. As revealed in the second phase of the NAME Model Assessment project (NAMAP2) [Gutzler et al., 2009] , FVGCM indicates outstanding skill comparable to a number of global and regional models in simulating the 2004 monsoon onset and seasonal progression of precipitation over northwestern Mexico. Noticeably in Figure 2b , an earlier monsoon onset date is simulated over the southwest United States, where (Figure 2b ). Noticeably, model rainfall retreats southward 1 week later than the NARR estimates. In general, the precipitation magnitude is higher compared with the observed data.
[15] Surface air temperature is an important climate variable, and it also plays an important role in surface water and energy process; we therefore validate its structure and distribution against NARR which has low bias in 2 m surface air temperature as shown by Mesinger et al. [2006] . Figure 3 presents the mean 2-m temperature from NARR, the CTL run, and their difference. The model is clearly in good agreement with NARR in showing the spatial pattern with high temperatures over the southwest United States and over coastal plain in western Mexico and low values along the Sierra Madre Occidental. The overall difference between the simulated and observed temperature mainly lies in the range of -2 ∘ to 2 ∘ C across the NAM region. Noticeably, the model simulation tends to exceed 3 ∘ over the northeastern Arizona. A cool bias (up to -4 ∘ ) is noted over the coastal plain in western Mexico with subtropical and tropical deciduous forest and desert scrubs, while a warm bias is seen over the mountain woodlands in the Sierra Madre Occidental.
[16] Overall, the CTL simulation realistically reproduces the observed seasonal mean precipitation and surface temperature, as well as the monsoon evolution with some deficiencies in monsoon initiation and sustenance over the southwest United States. (Figure 4a) , which resembles the precipitation distribution depicted in Figure 1d . The GLD experiment produces significantly lower soil moisture than CTL over the entire NAM region with larger negative values predominated over northwest Mexico (Figure 4b) .
Impact of Land
[18] Figure 5 shows the JJA mean differences between GLD and CTL in latent heat flux (Figure 5a ), sensible heat flux (Figure 5b ), 2-m temperature (Figure 5c ), net longwave ( Figure 5d ) and shortwave ( Figure 5e ) radiation fluxes, and total cloud cover (Figure 5f ). It is apparent that latent heat flux significantly decreases within the NAM region, which is proportional to evapotranspiration, while sensible heat flux exhibits inhomogeneous change with positive values over the majority of monsoon region mixed with several statistically insignificant negative patches noticeably over AZMN. Figure 5c shows a strong surface air warming over NWM owing to less evaporation and increased sensible heat flux associated with decreased soil moisture. Although both warming and cooling are observed over AZMN, the differences of surface temperature are not statistically significant at 90% confidence threshold in most of this region. The reduced soil moisture is also related to a net increase of surface longwave radiation flux due to lower cloud cover and warm surface. The net surface shortwave depends on the effects of surface albedo and cloud cover. Surface albedo reflects incoming solar radiation to the atmosphere, while lower cloud cover increases more shortwave radiationabsorption. In this case, there is no substantial change in albedo (not shown). The regions with positive shortwave differences are the result of the large cloud cover effect.
Atmospheric Boundary Layer
[19] The changes in surface conditions affect the exchanges of moisture and energy between land and the overlying atmosphere, which would ultimately affect the stability of the atmospheric boundary layer. One common measure of atmospheric instability used in many studies is convective available potential energy (CAPE), which is the total amount of buoyant energy [Emanuel, 1994] . It is computed by vertically integrating from the level of free convection, at which parcels are unstable relative to their environment, to the level of neutral buoyancy, at which parcels are stable relative to their environment.
[20] Figure 6a shows the zonally (106 ∘ À 112 ∘ W) averaged pentad difference in the maximum CAPE between GDL and CTL from June to September 2004. Over the northern monsoon region around 27 ∘ À 36 ∘ N, a substantial decrease of CAPE is associated with decreased surface humidity and cloud cover and, as well as increased Bowen ratio (ratio of sensible heat flux to latent heat flux) and the lifting condensation level (LCL), which are temporally and spatially coherent. This indicates that decreased soil moisture tends to increase Bowen ratio and temperature and hence decrease surface humidity, leading to a deeper and warmer (drier) boundary layer, which decreases atmospheric instability and consequently suppresses atmospheric convection. This mechanism is similar to the findings of Eltahir [1998] that soil moisture controls boundary layer stability through regulating surface albedo and Bowen ratio. We found in this case that Bowen ratio is the dominant factor since the changes in albedo are uniform but not substantial (not shown). 
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[21] A substantial increase of CAPE is noted over the southern region primarily confined to 24 ∘ and 27 ∘ N despite significant reduction of soil moisture in this area (Figure 4c ). Contrary to the northern region, soil moisture has a negative impact on atmospheric stability, that is, decreased soil moisture enhances atmospheric boundary instability, which is favorable for convection development. It is noteworthy that positive CAPE is related to temporally incoherent changes in surface humidify, LCL and cloud cover, as well as increased Bowen ratio and surface temperature that are uniform in time. Such seemingly inconsistent changes between boundary stability and other variables due to soil moisture effect will be further investigated in section 4.4 and will be related to large-scale circulation.
Large-Scale Atmospheric Circulation
[22] The atmospheric low-level circulation is inextricably linked to changes in boundary layer structure and stability. Figure 7a shows the negative JJA differences in sea level pressure between GLD and CTL in response to the surface warming over the monsoon region. It corresponds to a thermal low supplied by the energy from the increased surface sensible heat flux [Rowson & Colucci, 1992] . The strengthening thermal low generates an anticyclonic circulation over NWM and a cyclonic circulation over AZNM shown in 10 m wind field of JJA differences between GLD and CTL (Figure 7b ). Noticeably, a strong northwesterly wind blows from the Gulf of California to NWM with maximum speed of 3 m s À 1 , merged with easterly flow from the Gulf of Mexico. In the meantime, eastward wind originating from the Pacific mainly prevails over AZNM.
[23] The changes in low-level circulation are expected to influence the moisture transport into the monsoon region. Figure 8 shows the JJA mean of vertically integrated moisture flux and convergence from the CTL experiment and the difference between GLD and CTL. The CTL simulation exhibits a prominent clockwise feature centered over the NAM region. Noticeably, large westward-southwestward moisture fluxes ), e) new surface shortwave flux (W m À 2 ), and f) total could cover (fraction) between the GLD and the CTL simulations. Regions where differences are statistically significant at the 90% confidence level are delineated with black hyphen.
are found over NWM and the southeastern AZNM associated with the Great Plain low-level jet, which advects moisture from the Gulf of Mexico as reported in the study by Mo et al. [2005] and Cerezo-Mota et al. [2011] . In addition, there is considerable meridional moisture flux supplied by the lowlevel jet from the Gulf of California to AZNM, which is consistent with the results of the study by Mo et al. [2005] . To facilitate this analysis, the moisture flux convergence is defined to be positive, and the divergence is defined to be negative. According to Figure 8a , the maximum moisture convergence centers along the southwest coast of NWM, while over AZNM, convergence and divergence are distributed inhomogeneously.
[24] The difference of moisture flux between GLD and CTL shows anomalous anticyclonic circulation over NWM and cyclonic circulation over AZNM (Figure 8b ), a reflection of the strengthening of the thermal low and 10 m wind filed (Figure 7) . Over the southern part of NWM, the northward moisture flux from the Gulf of California merges with northeasterly flux from the Gulf of Mexico, resulting in increased moisture convergence in this region, where increased convection is found (Figure 6a ). The eastward and southward moisture fluxes originating from the eastern Pacific result in decreased divergence over the northern NWM and southwestern AZNM and correspond to reduced convection. There are several small patches over AZNM with increased convergence as a result of enhanced moisture flux from the eastern Pacific.
Precipitation
[25] Figure 9a shows the JJA mean difference of precipitation between GLD and CTL. The reduced soil moisture produces less precipitation over AZMN and the northern NWM, where evaporation ( Figure 5a ) and moisture flux (Figure 8b ) have decreased. Such consistency implies that the recycling and large-scale effects act together in decreasing moisture content of the atmosphere and hence the amount of precipitation. Note that there are several small areas in AZMN showing positive changes in moisture convergence with reduction of precipitation, indicating that an increase in atmospheric moisture due to convergence is compensated by the local decrease in evaporation, accordingly reducing precipitation. The southern NWM surprisingly experiences a precipitation increase despite significant reduction of soil moisture and evaporation. However, the enhanced precipitation is in accord with increased moisture flux convergence, suggesting that the large-scale effect surpasses the recycling effect in this region.
[26] To further gain insight on the mechanisms governing the response of precipitation to soil moisture, we show the zonally averaged differences in precipitation (Figure 10a ), its convective (Figure 10d ) and large-scale (Figure 10e ) components, moisture convergence (Figure 10b) , and latent heat flux (Figure 10c ) from June to September. It is clear that over the southern NWM around 24 ∘ À 27 ∘ N, increased precipitation is consistent with the positive changes in moisture flux convergence during monsoon evolution particularly in the mature phase. In general, the changes of latent heat ) from a) the CTL and b) the difference between the GLD and CTL simulations.
flux (or equivalently evaporation) are relatively small and characterized by decreases due to reduced soil moisture and increases due to the moistening of land as a result of increased precipitation. These results further confirm the primary role of large-scale mechanisms in controlling the precipitation change as discussed above. Soil moisture decreases modify surface fluxes and consequently the Bowen ratio and surface temperature, which change the large-scale circulation, leading to an increase of moisture flux convergence. As a result, atmospheric moisture content increases that offset the local recycling effect of less evaporation due to decreased soil moisture. These changes result in a wetter and relatively shallow (cool) atmospheric boundary layer, which in turn increases atmospheric instability and supports strong convection activity. The increased convection is in close correspondence with the increase of convective component of precipitation (Figure 10b) , which resembles the total precipitation compared with the small corresponding large-scale component (Figure 10e ). This indicates that precipitation changes are mainly attributed to convection that is primarily modulated by large-scale moisture flux as a result of soil moisture changes. The above analysis indicates a negative feedback between soil moisture and precipitation in this region.
[27] Precipitation decreases are predominately found over the large northern monsoon region around 27 ∘ À 36 ∘ N, which is in line with significant evaporation decreases. The changes in moisture flux convergence are not spatially coherent with bands of negative and positive values. These results strongly support the conclusion that precipitation is primarily modified by local moisture recycling, which is also reported in the study by Dominguez et al. [2008] . The reduced soil moisture decreases evaporation but at the same time warms the surface, which give rises to changes in boundary structure and instability, resulting in a warmer and drier but deeper boundary layer. As a result, convection is suppressed, and the convective precipitation is significantly reduced, leading to prominently dry conditions. Adams and Souza [2009] have demonstrated the existence of a positive convectionprecipitation relationship in the semiarid southwest. The changes in boundary layer also affect the surface pressure and consequently low-level wind field which decreases moisture convergence in general, reinforcing the decrease of precipitation. This region clearly shows a positive soil moisture feedback with precipitation.
Summary and Discussions
[28] This study investigates the impact of land surface conditions on the development of the NAM system. Two ensemble runs have been conducted using FVGCM for the boreal summer of 2004 from May to September, which is coincident with the NAME [Higgins & Gochis, 2007] . The purpose is to better understand the physical, thermodynamic and dynamic mechanisms by which changes in land surface conditions affect the monsoon precipitation. The control runs uses a fully interactive land surface model, whereas the sensitivity run uses prescribed soil moisture and soil temperature from the GLDAS products. Both ensemble runs consist of 6 members differing in the initial atmospheric conditions.
[29] The control simulation reproduces the basic climatology features properly in comparison with observations and reanalysis. In particular, the spatial distributions of seasonal mean precipitation and surface temperature are close to the observed patterns though their magnitude differs. The evolution of precipitation during the monsoon season over the NWM is well represented. However, the model shows deficiency in capturing the monsoon development over the southwest United States. The sensitivity experiments reveal an overall significant reduction of soil moisture in the NAM region, which impacts monsoon precipitation geographically differently. The response of precipitation to soil moisture changes over the large northern NAM region exhibits a positive feedback primarily controlled by precipitation recycling mechanisms. The reduced soil moisture decreases latent heat flux and hence evaporation, increases Bowen ratio and surface temperature which increase boundary layer stability and inhibits convection, accordingly reducing precipitation. The changes in boundary layer structure and stability also affect large-scale circulation and consequently decreases moisture flux convergence, reinforcing the decrease of precipitation. The results suggest that soil moisture decrease negatively affects precipitation in the southern NWM governed by large-scale mechanisms that offsets the diminishing local recycling effect. The soil moisture decrease modulates surface fluxes and consequently surface pressure and the large-scale wind field, resulting in increased moisture convergence and in turn enhancing precipitation.
[30] Some aspects of our results are similar to regional modeling studies of Small [2001] , Xu et al. [2004] , and Vivoni et al. [2009] , which looked at the sensitivity of precipitation to soil moisture in the NAM system. While Small [2001] and Xu et al. [2004] revealed a positive soil moisture-precipitation feedback over the entire NAM region, we found that this positive feedback is only limited to the northern NAM FENG ET AL.: LAND CONDITIONS IMPACT ON NAM with a negative feedback dominating the southern region. Vivoni et al. [2009] found that soil moisture positively affects precipitation in New Mexico, which is consistent with our results over this region. The discrepancy between our study with Small [2001] and Xu et al. [2004] over the southern monsoon region possibly stems from the following factors. First, these studies prepared different sensitivity experiments to explore the influence of soil moisture on monsoon precipitation. In the study by Small [2001] , soil moisture was prescribed to a field capacity to represent a wet condition, while precipitation was prescribed to low and high rates to generate dry and wet soil moisture anomalies [Xu et al., 2004] . Our study used the prescribed land surface conditions from GLDAS, which is likely more realistic than the artificial settings in the study by Small [2001] and Xu et al. [2004] . Moreover, the selection of the model domain could affect the sensitivity of precipitation to soil moisture [Seth & Giorgi, 1998 ]. In contrast to the positive feedback between the soil moisture and precipitation obtained from the GCM experiments [Beljaars et al., 1995] , the results from the regional model studies that also examined the sensitivity of simulated precipitation to the surface soil moisture for the summer of 1993 over the central United States showed a negative feedback [Seth & Giorgi, 1998 ]. The discordant results due to different model domains indicate the essential role of interaction of large-scale fields and internal model forcings, which was cut off in regional models. These discussions suggest that further investigations are necessary to comprehensively assess land surface effects on the NAM circulation and precipitation. ), and e) large-scale precipitation (mm day À 1 ).
